Comparative Metagenomics and Population Dynamics of the Gut
                    Microbiota in Mother and Infant by Vaishampayan, Parag A. et al.
Comparative Metagenomics and Population Dynamics of
the Gut Microbiota in Mother and Infant
Parag A. Vaishampayan
,1,J e n n i f e rV .K u e h l 
,1, Jeffrey L. Froula§
,1, Jenna L. Morgan
{,1,
Howard Ochman
2,3, and M. Pilar Francino*
k,1
1Evolutionary Genomics Program, DOE Joint Genome Institute, Walnut Creek, California
2Department of Ecology & Evolutionary Biology, The University of Arizona
3Department of Biochemistry and Molecular Biophysics, The University of Arizona
Present address: Jet Propulsion Laboratory, NASA Biotechnology and Planetary Protection Group, Pasadena, California
Present address: Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, California
§Present address: Genomic Technologies Program, DOE Joint Genome Institute, Walnut Creek, California
{Present address: Phylogenomics Program, DOE Joint Genome Institute, Walnut Creek, California
kPresent address: Unitat Mixta d’Investigacio ´ en Geno `mica i Salut Centre Superior d’Investigacio ´ en Salut Pu ´blica/UVEG-Institut Cavanilles,
Valencia, Spain and School of Natural Sciences, University of California Merced
*Corresponding author: E-mail: Francino_pil@gva.es.
Accepted: 23 December 2009 Associate editor: Emmanuelle Lerat
Abstract
Colonization of the gastrointestinal tract (GIT) of human infants with a suitable microbial community is essential for
numerous aspects of health, but the progression of events by which this microbiota becomes established is poorly
understood. Here, we investigate two previously unexplored areas of microbiota development in infants: the deployment of
functional capabilities at the community level and the population genetics of its most abundant genera. To assess the
progression of the infant microbiota toward an adult-like state and to evaluate the contribution of maternal GIT bacteria to
the infant gut, we compare the infant’s microbiota with that of the mother at 1 and 11 months after delivery. These
comparisons reveal that the infant’s microbiota rapidly acquires and maintains the range of gene functions present in the
mother, without replicating the phylogenetic composition of her microbiota. Microdiversity analyses for Bacteroides and
Biﬁdobacterium, two of the main microbiota constituents, reveal that by 11 months, the phylotypes detected in the infant
are distinct from those in the mother, although the maternal Bacteroides phylotypes were transiently present at 1 month of
age. The conﬁguration of genetic variants within these genera reveals populations far from equilibrium and likely to be
undergoing rapid growth, consistent with recent population turnovers. Such compositional turnovers and the associated loss
of maternal phylotypes should limit the potential for long-term coadaptation between speciﬁc bacterial and host genotypes.
Key words: Bacteroides, Biﬁdobacterium, gut microbiota, community genomics, bacterial population genetics.
Introduction
The gastrointestinal tract (GIT) is host to the most abundant
and diverse bacterial community in humans, containing, in
adults, on the order of 10
14 bacterial cells compared with
10
13 human cells for the entire body. This complex micro-
biota plays essential roles for gut maturation, food diges-
tion, modulation of the immune system, and protection
from pathogens (Savage 1977; Stark and Lee 1982; Cebra
1999; Mackie et al. 1999; Hooper et al. 2001; Favier et al.
2002; Fanaro et al. 2003; Schumann et al. 2005; Adlerberth
etal.2006;Ley,Peterson,andGordon2006;Ley,Turnbaugh,
et al. 2006; O’Mahony et al. 2008). At birth, the GIT is germ
free,butitrapidlyentersanextensiveandacomplexprocess
of colonization by a variety of microbes. Several studies ha-
ve monitored this process at different stages by means of
16S ribosomal RNA (rRNA) analyses (Favier et al. 2002;
Hopkins et al. 2005; Park et al. 2005; Penders et al.
2006; Palmer et al. 2007) and have shown that it is far
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GBEfrom a strict microbial succession. Rather, GITcolonization is
highly variable among individuals and is inﬂuenced by nu-
merous factors, including mode of birth, feeding habits,
health status, and sanitary conditions (Fanaro et al. 2003;
Adlerberth et al. 2006; Penders et al. 2006; Palmer et al.
2007). However, 16S rRNA analyses can only appraise the
phylogenetic composition of a sample and provide no direct
information about its functional capabilities. An additional
issue of fundamental importance remains unexplored: no
studies have addressed the population dynamics of individ-
ual bacterial species as the infant gut is colonized. However,
an appreciation of the amount, pattern, origin, and persis-
tence of population-level genetic variation within an infant’s
GIT is crucial for understanding the evolutionary forces at
work during the process of colonization. In particular, a spe-
ciﬁc aspect of population dynamics—the degree to which
an infant’s microbiota is vertically inherited from the mater-
nal GIT—will determine the potential for natural selection
to foster long-term bacterial adaptations to speciﬁc host
genotypes.
Here, we address these issues by focusing on the GIT mi-
crobiota in a single mother–infant pair, revealing not only
the coding capabilities and phylogenetic composition of
these bacterial communities but also the microdiversity,
population biology, and degree of maternal inheritance
within their main constituents. The infant in our analysis
was a healthy male, vaginally delivered at full term in an ur-
ban hospital in Tucson, AZ. He was exclusively breast-fed for
5 months, after which solid food was introduced to his diet,
although he continued to ingest breast milk until 2 years of
age. We analyzed the GIT microbiota of this infant and that
of his mother at two time points during the ﬁrst year of life,
at 1 month (I-1m and M-1m) and 11 months (I-11m and M-
11m) after birth. These two stages represent well-
differentiatedphasesofmicrobiotadevelopmentintheinfant
(Cooperstock and Zead 1983). By 1 month, the initial phase
of rapid acquisition of microbes after birth is thought to be
over and, in exclusively breast-fed infants, to have produced
a breast milk–adapted microbiota that will remain until the
introduction of solid foods (Cooperstock and Zead 1983;
Mackie et al. 1999). By 11 months, the baby has been ex-
posed to a complex diet for a signiﬁcant period of time and
should be reaching an adult-like microbiota composition
(Stark and Lee 1982; Mackie et al. 1999; Favier et al.
2002; Fanaro et al. 2003; Park et al. 2005; Penders et al.
2006; Palmer et al. 2007). Our analyses revealed that these
two stages contained bacterial communities that were
largely distinct in phylogenetic composition but remarkably
similar and adult like in their global functional capabilities.
Overall, this sampling strategy indicated that the GIT micro-
biota remains very dynamic throughout the ﬁrst year of life,
with highly diverse and actively growing bacterial popula-
tions, and that maternal GIT phylotypes can be transmitted
to the infant but need not persist in the long term.
Materials and Methods
Sample Collection We obtained fecal samples from
a healthy mother–infant pair at 1 and 11 months after de-
livery. Samples were collected at the University of Arizona,
with informed written consent from the infant’s parents, us-
ing protocols approved by the institutional review boards
of the Lawrence Berkeley National Laboratory and the
University of Arizona.
Preparation of High–Molecular Weight DNA and
Fosmid Library Construction In ordertocapture extensive
genomic fragments from the bacterial species in the GIT mi-
crobiota,wegeneratedfosmidlibrariesfromhigh–molecular
weight bacterial DNA isolated directly from the fecal
samples. Fosmid libraries enable the elucidation of both
the coding capabilities and the phylogenetic positions of
themembersofagivenbacterialcommunitywhileproviding
thepossibilityofrecoveringlongcontiguous sequencesfrom
interesting clones. To obtain high–molecular weight bacte-
rial DNA, fresh fecal samples were harvested and immedi-
ately processed. In short, 5 g of sample was suspended in
50 ml phosphatebuffersaline (PBS) andsubjectedto a series
of ﬁltration steps to eliminate particulate matter and large
eukaryotic cells. Sequential ﬁltrations were performed with
a Micro Filtration System (Millipore) using 100-, 20-, and 11-
lm nylon ﬁlters and were followed by centrifugation at 250
  g to remove eukaryotic nuclei. Bacterial cells were then
pelleted, washed, and resuspended in 5 ml PBS. Visual in-
spection under the microscope revealed a large variety of
bacterial cell types and no trace of eukaryotic cells. Bacterial
cells were embedded in agarose plugs and lysed with a va-
riety of enzymes (lysozyme, N-acetylmuramidase, and ach-
romopeptidase) capable of digesting cell walls from
phylogenetically diverse bacteria plus proteinase K and de-
tergent (Hayashi et al. 2002). Agarose plugs containing bac-
terialDNAwere washedexhaustivelyandstoredat4 Ci n5 0
mM ethylenediaminetetraacetic acid. For fosmid library con-
struction, DNA was extracted from the agarose plugs and
mechanically fragmented by hydroshearing. Forty-kilobase
DNA fragments were separated by pulsed-ﬁeld gel electro-
phoresis and cloned into pCC1Fos (Epicentre Corp.).
Sequencing and Analysis of Fosmid Ends In order to
characterizethephylogeneticcompositionandgenecontent
of the obtained libraries, inserts from 1,536 randomly se-
lected fosmids from each library were sequenced at both
ends.AllsequencingreactionswereperformedbytheSanger
method using BigDyeTerminatorsin ABI3730 sequencersat
theDOEJointGenomeInstitute.Onlyhigh-qualitysequences
( Q20),asassessedbyPhred(EwingandGreen1998;Ewing
et al. 1998), were retained for analysis after being subjected
to LUCY (Chou and Holmes 2001) for quality trimming and
vectorcontaminationremoval.Assemblywasattemptedwith
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ofreadsassemblingintocontigs,allsubsequentanalyseswere
performed on unassembled collections of sequences for
each sample. All sequences were deposited in GenBank
(EF990944–EF998850) and IMG/M (Markowitz et al.
2008). Ab initio gene calling was performed in IMG/M using
GeneMark (Besemer et al. 2001), and the identiﬁed protein-
coding genes werefurther analyzed in IMG/M to provide es-
timates of the phylogenetic composition and the functional
repertoire of each sample. Taxonomic afﬁliation was regis-
tered only for genes with best hits having .90% identity
toIMG/MreferenceisolategenomesasdeterminedbyBlastP.
Genes were assigned to COGs based on RPS-Blast (Reverse
Position–Speciﬁc Blast) applying default IMG/M parameters
(E value , 10
 2). In addition, two fosmid clones that had
matching end sequences with best BlastP hits to Bacteroides
wereselected forcomplete sequencing. These fosmids were
fragmented by hydroshearing, subcloned into pUC18, se-
quenced,basecalledinPhred,partiallyassembledwithPhrap,
and annotated with NCBI’s open reading frame ﬁnder (Gen-
Bank GU362641 and GU362642).
Statistical Comparison of the Functional Proﬁles of
GIT Samples The abundances of different gene functions in
eachsamplewerecomparedbymeansofDscoresforeachin-
dividual COG as well as D ranks for COG pathways and cate-
gories,asdescribedinIMG/M(Markowitzetal.2008).Dranks
werealsousedtoevaluatedifferencesamongsamplesinterms
oftheabundancesofCOGgroupscontaininggenespotentially
involved in the utilization of human milk oligosaccharides
(HMOs) or plant carbohydrates. D scores are derived under a
binomialassumptionandcanbetranslatedintoPvaluesatdif-
ferentlevelsofsigniﬁcance.TheDrankrepresentsanormaliza-
tion ranking of each pairwise comparison and is calculated by
adding the D scores of all COGs assigned to a particular func-
tional pathway, category or other deﬁned group, and normal-
izing by the square root of the number of these categories,
including those with no genes assigned. COGs with zero
counts are assigned a zero value in the computation of D
ranks, which avoids overestimating the statistical signiﬁ-
cance of the differences in gene counts for sparsely popu-
lated functional categories. In addition, a principal
componentanalysis(PCA)oftheoverallCOGcategorypro-
ﬁles was undertaken to establish the relative similarity of
samplestooneanotherandtootherhumangutsamplesin-
cluded in IMG (Gill et al. 2006). The PCA was performed in
the R software environment (Ihaka and Gentleman 1996)
after normalizing the gene count in each COG category
by the total gene count in the corresponding metagenome
and using the R function prcomp (x, center5T, scale5T) to
center the values around zero and scale to unit variance.
Genus-Speciﬁc 16S rRNA Phylogenies We investigated
the extent of variation within Bacteroides and Biﬁdobac-
terium, two of the main constituent genera of the GIT mi-
crobiota in the infant and maternal microbial
communities. 16S rRNA was polymerase chain reaction
(PCR) ampliﬁed from the agarose-embedded DNA (above)
u s i n gp r i m e r sa n dr e a c t i o nc onditions determined for
each genus. The primer pairs employed were forward
Bac32F (5#-AACGCTAGCTACAGGCTT-3#)a n dr e v e r s e
Bac708R (5#-CAATCGGAGTTCTTCGTG-3#)f o rBacter-
oides (Bernhard and Field 2000) and forward lm26 (5#-
GATTCTGGCTCAGGATGAACG-3#)a n dr e v e r s el m 3( 5 #-
CGGGTGCTICCCACTTTCATG-3#)f o rBiﬁdobacterium
(Kaufmann et al. 1997), yielding PCR products of 677
and1,418 bp, respectively. PCR products were cloned into
pCR4-TOPO(Invitrogen),and50randomlyselectedclones
from each library were sequenced from both ends. Se-
quence reads were vector trimmed, assembled, quality
checked, and chimera checked using the software pack-
ageGenelib (Kirton E, unpublisheddata). The resulting se-
quences were aligned in ARB (Ludwig et al. 2004) to
a backbonealignment from the Greengenes16SrRNA da-
tabase (http://greengenes.lbl.gov) (DeSantis et al. 2006).
Alignments were reﬁned manually taking into account
rRNA secondary structures. Neighbor-joining trees were
produced to identify those sequences in the Greengenes
backbone alignment that were most similar to the reads
from our samples. These sequences were exported for
phylogenetic analysis along with our reads and sequences
representing the extent of diversity within each genus an-
alyzed. Prior to phylogenetic reconstruction, alignments
were pruned of redundant sequences and poorly aligned
regionsinGblocks(Castresana2000),yielding39-and48-
sequence alignments for Bacteroides and Biﬁdobacte-
rium, respectively. Maximum likelihood phylogenetic
analysis with 1,000 bootstrap replicates was performed
using Garli (http://www.bio.utexas.edu/faculty/antisense/
garli/Garli.html) (Zwickl 2006) with the best-ﬁtting sequence
evolution model (general time reversible with invariant sites
and gamma distribution for site rate variation) and param-
eters determined in Modeltest v. 3.7 (Posada and Crandall
2001).
Population Genetic Analyses Genealogical relationships
among the different haplotypes recovered within the main
constituent genera of the GIT microbiota were estimated by
statistical parsimony (Templeton et al. 1992), as imple-
mented in the computer program TCS (Clement et al.
2000). Gene diversity (H) was computed as
H5nð1  
X
x2
i Þ=n   1;
where x2
i is the estimated frequency of allele i in a sample of
n alleles (Nei 1987). Expected numbers of total haplotypes
E(k) were computed according to Ewens (1972) as
EðkÞ51 þ h=ðh þ 1Þþh=ðh þ 2Þþ... þ =hðh þ n   1Þ;
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ent singly (singletons) E(k1) were computed according to
Maruyama and Fuerst (1984) as
Eðk1Þ5hn=ðn þ h   1Þ:
Data Deposition GenBank (EF990944–EF998850) and
(GU362547–GU362642).
Results
Fosmid Libraries and End Sequencing To characterize
and compare the microbial communities present in the infant
and the mother at 1 and 11 months after delivery, we gener-
ated four fosmid libraries from bacterial DNA isolated directly
from fecal samples (50,000 clones each; 8 Gb total). Inserts
from 1,536 randomly selected fosmids from each library were
sequenced at both ends, yielding a total of 12,288 sequence
readsandmorethan8.4Mbofhigh-qualitysequence(Q20)as
assessed by Phred (Ewing and Green 1998; Ewing et al. 1998).
After further quality trimming and vector contamination re-
moval, the sequences of each sample were independently as-
sembled using phrap (http://www.phrap.org). The majority of
sequences (62% on average) could not be incorporated into
assemblies, and most of the assembled contigs contained only
two reads. But because bacterial genes are compact and in-
tronless, ab initio gene calling in IMG/M (Markowitz et al.
2008) was able to detect more than 7,500 genes in the
unassembled reads of the four samples (table 1).
Similar Distribution of Gene Functions in the GIT
Microbiota of Mother and Infant The functional reper-
toire within the different GIT samples was appraised within
IMG/M with basis on different classiﬁcations, including COG
(Tatusov et al. 1997), Pfam (Bateman et al. 2004), TIGRfam
(Selengut et al. 2007), and KEGG (Kanehisa et al. 2004). Com-
bined, all classiﬁcations allowed for functional categorization
of 45–60% of the genes detected within each sample, with
38–52% of total genes assigned to COG clusters (table 1). The
overall distribution of COG functional classes was remarkably
similar in all four libraries (ﬁg. 1A). Carbohydrate and amino
acid transport and metabolism were the most common COG
categories overall—categories G and E—and together repre-
sented 21–27% of the COG assignments per sample. In con-
trast, lipid transport and metabolism (COG category I)
accounted for only 2–3% of these assignments.
To evaluate any potential signiﬁcance of function abun-
dance differences among samples, we computed D scores
for each individual COG as well as D ranks for COG pathways
and categories as deﬁned in IMG/M (Markowitz et al. 2008).
Pairwise comparisons among samples did not identify signif-
icant differences in the distribution of individual COGs, path-
ways or categories (all P . 0.05). In contrast, a PCA of the
COG category proﬁles grouped closely the M-1m, M-11m,
and I-11m samples to the exclusion of I-1m (ﬁg. 1B). Inspec-
tion of the contribution of the different COGcategories to the
principal components indicates that it is the presence of the
COG category W (Extracellular Structures) in I-1m that sepa-
ratesthissampleonthesecondprincipalcomponent(PC)axis,
whereas the large distance between our samples and the
larger adult human gut samples from Gill et al. (2006) (black
and gray circles) on the ﬁrst axis is due to the higher numbers
of individual COGs represented within each category in the
latter. The Extracellular Structures category is only represented
in I-1m by four sequences; these sequences match COG5295,
which codes for autotransporter adhesins, secreted bacterial
proteins that may exhibit diverse virulence functions. Best hits
to reference genomes in IMG indicated that the four I-1m
COG5295 sequences were likely encoded by Escherichia coli.
To further evaluate potential differences in functionality
between infant and maternal samples, we investigated
the distribution of those COGs in the carbohydrate transport
and metabolism category (G) that were previously found to
be overrepresented in human gut microbiomes (Kurokawa
et al. 2007). The human gut overrepresented G COGs in-
clude 32 COGs (group I) encoding proteins that could trans-
port ormetabolizethedifferentsugarsfound inhumanmilk,
mostly lactose and other oligosaccharides containing glu-
cose, galactose, N-acetylglucosamine, fucose, or sialic acid
residues (table S1, Supplementary Material online). In addi-
tion, the human gut overrepresented G COGs also include
13 COGs (group II) encoding proteins specialized for the
transport and metabolism of carbohydrates of plant origin
(table S2, Supplementary Material online). To search for spe-
ciﬁc differences among our samples potentially related to di-
et, we speciﬁcally analyzed the distribution of human gut
overrepresented G COGs belonging to these two groups.
We recovered in at least one of our samples 74% of the
human gut overrepresented G COGs, including 13 COGs
encoding glycosyl hydrolases and 5 for different compo-
nents of sugar transporters. The two infant samples
Table 1
Characterization of Mother and Infant Samples Based on Fosmid-End
Sequencing
M-1m M-11m I-1m I-11m
Analyzed reads 1,981 2,056 1,778 2,092
Analyzed bases 1,317,583 1,400,487 1,033,600 1,422,416
Total genes 1,916 2,041 1,522 2,077
Protein-coding genes 1,891 2,003 1,507 2,045
Functionally assigned genes
a 869 1,218 894 1,152
COG-assigned genes 719 1,067 767 1,030
Taxonomically assigned genes 1,039 1,160 1,128 1,434
Identiﬁed genera 22 20 9 16
a Functional assignment was performed within IMG/M (Markowitz et al. 2008)
with basis on COG (Tatusov et al. 1997), Pfam (Bateman et al. 2004), TIGRfam
(Selengut et al. 2007), and KEGG (Kanehisa et al. 2004) classiﬁcations.
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COGs, 12 and 11, respectively, although only 5 of these
were common to both (COG0676, COG1129,
COG1263, COG1486, and COG2017). Notably, the two
maternal samples (M-1m and M-11m) contained 18 group
I COGs each, and 15 of these were in common. In terms of
the overall number of reads assigned to group I COGs in
eachofthefoursamples(tableS1,SupplementaryMaterial
online), there were no signiﬁcant differences as evaluated
by IMG/M D rank scores (P . 0.05), but some differences
were apparent in terms of the presence/absence of speciﬁc
group I COGs among samples. Six COGs were recovered
exclusively from infants and not from the maternal sam-
ples, including COG0676, encoding uncharacterized en-
zymes related to aldose 1-epimerase, and COG1486,
encoding a-galactosidases/6-phospho-b-glucosidases. In
addition to these two COGs common to both infants,
COG1299 (fructose-speciﬁc IIC component of the phos-
photransferase system) and COG4668 (galactose-1-
phosphate uridyltransferase) were unique to I-1m, whereas
COG3414 (galactitol-speciﬁc IIB component of the phos-
photransferase system) and COG3669 (a-L-fucosidase)
were unique to I-11m. On the other hand, the maternal
samples also contained several group I COGs not recovered
in the infant samples, including COGs encoding enzymes
for the metabolism of galactose (COG0153, COG1874,
and COG3345), fructose (COG0205, COG1762, and
COG2893), and fucose (COG0738 and COG2407)
(table S1, Supplementary Material online).
Among group I COGs, we recovered in our samples three
out of four glycosidase-encoding COGs found in a HMO
utilization cluster recently discovered in Biﬁdobacterium
FIG.1 . —Phylogenetic composition and general functional capabilities across GIT microbiota samples. (A) Distribution of COG functional categories in
the GIT microbiota of mother and infant at 1 and 11 months after delivery. Distributions of COG functional classes are remarkably similar; observed
differences across samples do not reach signiﬁcance (D rank analysis; P . 0.05). (B) PCA of overall COG category proﬁles in the mother–infant GIT
microbiota. Two additional samples (black and gray circles) from adult humans (Gill et al. 2006) are included for comparative purposes. Note the overlapping
positions of the two maternal microbiota samples and the infant sample taken at 11 months. The large separation of I-1m from these three samples on the
second PC axis stems from the fact that this is the only sample containing the COG category Extracellular Structures (W); the ﬁrst PC axis separates the four
samples in our study from those of Gill et al. (2006) due to the higher numbers of individual COGs represented within each category in these larger samples.
(C) Bacterial diversity present in the gastrointestinal microbiota of mother and infant at 1 and 11 months after delivery. Taxonomic afﬁliation was assigned to
the high-scoring (.90% identity) best BlastP matches of protein-coding genes in fosmid-end sequence reads against IMG/M reference isolate genomes.
Most identiﬁed genera belong to only four phyla: Bacteroidetes (Bacteroides), Actinobacteria (Biﬁdobacterium, Collinsella,a n dEggerthella), Proteobacteria
(Escherichia, Klebsiella, Shigella, Salmonella, Citrobacter, and other enterics), and Firmicutes (Clostridium, Dorea, other clostridia, and Eubacterium).
Mother–Infant Gut Microbiota GBE
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(a-L-fucosidase) was unique to I-11m, whereas COG3250
(b-galactosidase/b-glucuronidase) and COG3525 (b-hexosa-
minidase) were present in I-1m and both of the maternal sam-
ples but not in I-11m (table S1, Supplementary Material
online). The fourth HMO cluster COG (COG4409, sialidase)
was not recovered from any of the samples in our study. Best
hits to reference genomes in IMG indicated that COG3250
and COG3525 were likely encoded by Bacteroides in the
mother and the infant at 1 month but by E. coli a n da no r -
ganism belonging to the Firmicutes in the 11-month maternal
sample, whereas COG3669 in I-11m was represented in reads
of likely biﬁdobacterial origin.
Even though the 1-month-old infant had no exposure to
any food other than breast milk, I-1m contained representa-
tives offourgroupII COGs, encodingproteins specializedfor
the transport and metabolism of carbohydrates of plant or-
igin, within the range of group II COG types found in the
partially weaned 11-month infant (7) and the two maternal
samples (3 and 6). Moreover, as was the case for group I
COGs, there were no signiﬁcant differences in the overall
number of reads assigned to group II COGs in each sample
(P . 0.05 for all IMG/M D rank scores). The four group II
COGs in I-1m were involved in the transport or metabolism
of xylose (COG2115 and COG3507), cellobiose (COG1455),
andmelibiose(COG2211).There wasnoCOGabsentfromI-
1mandpresentinallothers, and only two COGs(COG1440,
IIB component of the cellobiose-speciﬁc phosphotransferase
system, and COG2160, L-arabinose isomerase) were absent
from I-1m and present in two other samples (table S2, Sup-
plementaryMaterialonline).EventhoughCOG1440wasnot
represented in I-1m, this sample did contain COGs encoding
the IIA (COG1447) and IIC (COG1455) components of the
cellobiose-speciﬁc phosphotransferasesystem,such that this
function is likely present in the 1-month-old infant gut.
Different Phylogenetic Compositions across GIT
Microbiota Samples Phylogenetic composition was estab-
lished through BlastP queries of the identiﬁed protein-
coding genes. Requiring a BlastP identity threshold to assign
genes to a speciﬁc taxonomic group resulted in the identi-
ﬁcation and classiﬁcation of 72% and 56% of genes in in-
fant and mother samples, respectively. The distribution of
these high-scoring BlastP hits revealed that, in spite of
the functional similarity already noted, there were large dif-
ferences in phylogenetic membership among libraries, indi-
cating turnover in the GIT microbiota over time in both
infantandmother.Althoughthetotalnumbersofphylarep-
resented were similarly low in all samples (four to ﬁve: Bac-
teroidetes, Actinobacteria, Proteobacteria, and Firmicutes,
plus an occasional Fusobacteria), the presence and frequen-
cies of different genera within these phyla varied substan-
tially. In the 1-month-old infant, only 9 genera were
recovered, but by 11 months, the number of genera in-
creased andapproached thatfound in thematernal samples
(16 genera in I-11m vs. 22 in M-1m and 20 in M-11m). The
microbiota in the 1-month-old infant consisted primarily of
Escherichia (45%) and Bacteroides (21%), but by 11
months, these genera had been drastically reduced to
6% and 0.4%, whereas the previously absent Biﬁdobacte-
rium (38%) and the related actinobacterium Collinsella
(22%) dominated the community. During the same time
period, the maternal microbiota also exhibited a substantial
reduction in Bacteroides (from 48% at 1 month to 12% at
11 months) and the appearance of Biﬁdobacterium (10%),
although in this case, these changes were accompanied by
a large increase in enteric genera (3–29%) (ﬁg. 1C).
Microdiversity within Bacteroides and Biﬁdobacterium
In that Bacteroides and Biﬁdobacterium are main con-
stituents of the gastrointestinal microbiota and play basic
roles in the metabolism of carbohydrates in the gut, we in-
vestigated the extent of variation within these genera in the
infant and maternal microbial communities. To this end, we
employed 16S ribosomal DNA (rDNA) primers speciﬁc to
Bacteroides (Bernhard and Field 2000) or Biﬁdobacterium
(Kaufmann et al. 1997) and measured the species (97%
sequence identity) and phylotype (99% sequence identity)
diversity in each of these genera. The Bacteroides-speciﬁc
primers ampliﬁed the 16S rDNA gene in all samples, but Bi-
ﬁdobacterium primers produced amplicons only in the sam-
ples recovered at 11 months after childbirth, in accordance
with the results obtained by fosmid-end sequencing
(ﬁg. 1C). A maximum likelihood phylogeny of the 48 non-
identical Biﬁdobacterium sequences (i.e., haplotypes) recov-
ered from the 11-month samples resolved the main
Biﬁdobacterium haplotypes into distinct clades according
to their source of origin (ﬁg. 2A). The 24 Biﬁdobacterium
sequences from the infant at 11 months after delivery
(I-11m) form a single phylotype, most closely related to
an oral Biﬁdobacterium strain and to Bi. adolescentis,
whereas the vast majority of haplotypes from the mother
at this sampling point (M-11m) form a second phylotype re-
lated to Bi. angulatum (two other M-11m sequences reside
within the Bi. animalis clade). The presence of distinct phy-
logenetic lineages in mother and infant suggests that each
FIG.2 . —Phylogeny of GIT haplotypes in relation to diversity within the corresponding genus. Phylogenies of the (A) Biﬁdobacterium and (B)
Bacteroides 16S rRNA haplotypes with representative samples from each genus were derived by maximum likelihood with 1,000 bootstrap replicates
under a general time-reversible model with invariant sites and gamma-distributed site rate variation. Scale bar represents 0.02 nucleotide substitutions
per site. ‘‘Mixed’’ clades contain haplotypes recovered from both the mother and the infant.
!
Vaishampayan et al. GBE
58 Genome Biol. Evol. Vol. 2010:53–66. doi:10.1093/gbe/evp057 Advance Access publication January 6, 2010Mother–Infant Gut Microbiota GBE
Genome Biol. Evol. Vol. 2010:53–66. doi:10.1093/gbe/evp057 Advance Access publication January 6, 2010 59independentlyacquiredbiﬁdobacteriafromexternalsources
during the period between 1 and 11 months after birth.
The phylogeny of the 39 Bacteroides 16S haplotypes ob-
tained across the four libraries portrays a very different pat-
tern of acquisition and transmission (ﬁg. 2B). In contrast to
the Biﬁdobacterium tree topology, two of the three Bacter-
oides clades (II and III) are intermixed with sequences from
both maternal samples (M-1m and M-11m) and the 1-
month infant sample (I-1m), whereas clade I consists only
of sequences recovered from the 11-month infant (I-
11m). The 19 sequences in clade I form a single phylotype
related to Bacteroides vulgatus. Clades II and III represent
distinct but closely related phylotypes (98.5% sequence
identity),containing5and15haplotypes,respectively.Thus,
the maternal GIT harbored the same two Bacteroides phy-
lotypes over a period of 10 months, and these phylotypes
were transmitted from the mother to the infant before 1
month of age. Nonetheless, 10 months later, a new phylo-
type belonging to a different Bacteroides species had re-
placed the original maternal phylotypes in the infant GIT.
Fosmid Sequencing Conﬁrms that Mother and
1-Month-Old Infant Contain the Same Bacteroides
Strain To test if the mother and the 1-month-old infant con-
tained identical strains, we culled our collection of fosmid-end
sequences and recovered two Bacteroides clones, one from
the mother and one from the infant, with extended regions
of 100% identity. From these, we generated draft shotgun
sequences that provided large contigs with 26 kb of overlap-
ping sequence. Alignment of the 26-kb regions from each
host did not reveal a single nucleotide difference, conﬁrming
that mother and infant shared the same strain of Bacteroides.
Bacteroides and Biﬁdobacterium Population Genetics
The population biology and transmission patterns in our
mother–infant system were addressed by analyzing the dis-
tribution, frequency, and relationships of haplotypes within
the Biﬁdobacterium and Bacteroides clades (ﬁg. 2A and B).
Genealogical relationships among haplotypes were esti-
mated by statistical parsimony (Templeton et al. 1992;
Clement et al. 2000); this approach is required for popula-
tion-level analyses because, unlike methods aimed at recon-
structing lineage phylogenies, it integrates information
about haplotype frequencies, allows for the ancestral hap-
lotype to be represented in the sample, and does not force
a bifurcating network topology.
In the case of Bacteroides, the maternal 1-month sample
contained 12 haplotypes, the most common of which were
represented by 28 (M-1m.h1, clade III) and 4 (M-1m.h12,
clade II) identical sequences. All of the haplotypes in this sam-
ple were also recovered at nearly identical frequencies 10
months later in the maternal sample taken at 11 months after
delivery (table 2). In addition, two novel haplotypes were rep-
resented by individual sequences in the 11-month maternal
sample. In contrast, only three of the maternal haplotypes
were recovered in the 1-month-old infant. These haplotypes
included the two most prevalent and one of the singletons
and were recovered in proportions similar to those observed
in the mother (31, 8, and 1 sequences; table 2). Aside from
harboring three haplotypes detected in the mother, the 1-
month-old infant also contained seven unique singletons.
Although the speciﬁc haplotypes differed between
mother and infant, the total number of haplotypes, the
proportion of singletons, and the overall gene diversity
were similarly high in both individuals (table 2). Figure 3
presents the genealogy of all the Bacteroides haplotypes
recovered from the mother and the 1-month-old infant
(corresponding to clades II and III in ﬁg. 2B). Irrespective
of their sample of origin, all of the singletons and other
low-frequency alleles were derived from the most com-
mon haplotypes by one or two mutational steps. These
changes are unlikely to represent sequencingerrors, as av-
erage Phred quality scores (Ewing and Green 1998; Ewing
et al. 1998) for our quality-trimmed and assembled 16S
contigs are approximately Q60, such that the average er-
ror is ,10
 6. Moreover, the fact that we recover very sim-
ilar haplotype distributions in M-1m and M-11m, with
nearly all the singletons being shared between the two,
strongly indicates that the variants detected in the Bacter-
oides populations are real and not signiﬁcantly affected by
errors in sequencing.
In the three new populations present at 11 months (i.e.,
the mother and infant Biﬁdobacterium phylotypes and the
new Bacteroides phylotype in the infant), we also detected
very large numbers of haplotypes, many of which were sin-
gletons derived by one or a few mutations from the most
commonhaplotype(table2,ﬁg.S1,SupplementaryMaterial
online), although in the case of the longer Biﬁdobacterium
contigs, some of these changes might represent sequencing
errorsbecausemostbaseswerecoveredbyasinglesequenc-
ing pass. The large numbers of singletons and total haplo-
types present in all the GIT populations analyzed suggest
that these populations are generally far from genetic equi-
librium. Populations at equilibrium have characteristic hap-
lotype frequency conﬁgurations that can be predicted based
on the overall level of gene diversity (Ewens 1972; Nei and Li
1976; Maruyama and Fuerst 1984). For each of the Bacter-
oides and Biﬁdobacterium populations in our samples, we
computed gene diversity indices based on the observedhap-
lotype frequencies and derived the numbers of singletons
and total haplotypes that would be expected in populations
at equilibrium containing such level of gene diversity. In all
cases, the predicted equilibrium frequencies of singletons
and of total haplotypes were lower than those observed
(table 2). Potential biases in the data introduced by
undersampling are not likely to have caused the observed
deviations from equilibrium frequencies; Good’s (1953) non-
parametric coverage estimator indicates that we likely
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in the Bacteroides and Biﬁdobacterium populations, respec-
tively, and, as missed haplotypes would likely be those
present at low frequencies, the numbers of haplotypes
and singletons we detected are probably underestimated.
Discussion
The goal of our study was not to generate an exhaustive enu-
merationofthebacterialspeciesinthehumanGITbuttocom-
pare the main compositional and functional features of the
microbiota at different stages of development. Given the ease
of obtaining human fecal samples, compared with the alter-
native invasive procedures to sample the contents of the GIT,
we chose to analyze the bacterial composition of fecal mate-
rial to characterize the gastrointestinal microbiota of mother
and infant, as performed in most previous studies in humans
(Zoetendal et al. 1998; Gewolb et al. 1999; Favier et al. 2002;
Hayashi et al. 2002; Fanaro et al. 2003; Hopkins et al. 2005;
Park et al. 2005; Adlerberth et al. 2006; Gill et al. 2006; Ley,
Turnbaugh, et al. 2006; Penders et al. 2006; Kurokawa et al.
2007; Palmer et al. 2007; Turnbaugh et al. 2009). Feces,
which comprise 40% bacterial cells, are thought to be most
representative of the microbiota in the colonic lumen, al-
though, due to normal mucus excretion, epithelial turnover,
and peristaltic movements, they are also likely to contain lu-
men- and mucosa-associated bacteria originating in other
areas of the GIT (Moore and Holdeman 1975; Eckburg
et al. 2005). Thus, although feces cannot fully represent
the complexity of the GIT microbial ecosystem, they probably
recover a substantial proportion of the bacterial species in this
environment (Eckburg et al. 2005), and their analysis should
Table 2
Persistence of Haplotypes of Bacteroides and Biﬁdobacterium in Mother and Infant Samples
M-1m M-11m I-1m I-11m
Bacteroides haplotypes
a
M-1m.h1 (clade III) 28 (0.65) 27 (0.60) 31 (0.66) 0
M-1m.h12 (clade II) 4 (0.09) 5 (0.11) 8 (0.17) 0
M-1m.h4 (clade III) 2 (0.05) 2 (0.04) 0 0
M-1m.h30 (clade II) 1 (0.02) 1 (0.02) 1 (0.02) 0
M-1m.h23 (clade II) 1 (0.02) 1 (0.02) 0 0
M-1m.h5 (clade III) 1 (0.02) 1 (0.02) 0 0
M-1m.h8 (clade III) 1 (0.02) 1 (0.02) 0 0
M-1m.h10 (clade III) 1 (0.02) 1 (0.02) 0 0
M-1m.h13 (clade III) 1 (0.02) 1 (0.02) 0 0
M-1m.h19 (clade III) 1 (0.02) 1 (0.02) 0 0
M-1m.h20 (clade III) 1 (0.02) 1 (0.02) 0 0
M-1m.h25 (clade III) 1 (0.02) 1 (0.02) 0 0
I-11m.h441 (clade I) 0 0 0 14 (0.30)
I-11m.h440 (clade I) 0 0 0 11 (0.24)
I-11m.h445 (clade I) 0 0 0 4 (0.09)
I-11m.h433 (clade I) 0 0 0 2 (0.04)
Singletons not present in M-1m 0 2 7 15
Total singletons
b 9 [1] 11 [2] 8 [1] 15 [5]
Total haplotypes
b 12 [5] 14 [6] 10 [5] 19 [13]
Gene diversity (H) and h
c 0.57 [1.35] 0.63 [1.73] 0.54 [1.19] 0.85 [5.76]
Biﬁdobacterium haplotypes
a
M-11m.h450 0 8 (0.21) 0 0
M-11m.h552 0 4 (0.11) 0 0
M-11m.h740 0 3 (0.08) 0 0
M-11m.h549 0 2 (0.05) 0 0
M-11m.h637 0 2 (0.05) 0 0
I-11m.h478 0 0 0 13 (0.29)
I-11m.h658 0 0 0 2 (0.04)
I-11m.h475 0 0 0 2 (0.04)
I-11m.h576 0 0 0 2 (0.04)
Total singletons
b 0 19 [12] 0 26 [9]
Total haplotypes
b 0 24 [21] 0 30 [18]
Gene diversity (H) and h
c NA 0.95 [18.00] NA 0.92 [11.22]
NOTE.—NA, not applicable.
a Only haplotypes recovered multiple times are shown individually. Clade designations are from ﬁgure 2B. Haplotype frequencies are shown in parentheses.
b Expected numbers of singletons or total haplotypes in a steady-state population are bracketed.
c h values are bracketed.
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sampling times (Turnbaugh et al. 2009).
Our community composition and microdiversity analysis
based on fecal samples indicate that between 1 and 11
months, the infant GIT microbiota increased substantially
in complexity while undergoing a signiﬁcant turnover of
taxa at several phylogenetic levels. In terms of taxonomic
composition, we detected Escherichia and Bacteroides as
the most abundant organisms in the 1-month-old infant,
whereas Biﬁdobacterium only appeared and grew to dom-
inate the infant GIT microbiota at some later stage between
1 and 11 months. Although Biﬁdobacterium is thought to
dominate the early GIT microbiota in most breast-fed babies
(Stark and Lee 1982; Mackie et al. 1999; Favier et al. 2002;
Hopkins et al. 2005; Penders et al. 2006), a preponderance
of Escherichia and Bacteroides has also been commonly ob-
served,especiallyincaseswhereBiﬁdobacteriumisnotpres-
ent (Stark and Lee 1982; Mackie et al. 1999). Remarkably,
the mother followed a compositional shift at the genus level
between 1 and 11 months that was similar to that of the in-
fant: in both cases, Biﬁdobacterium appeared and rose to
a substantial proportion of the GITcommunity, whereas Bac-
teroidesdecreasedimportantly(ﬁg.1C).However,itisimpor-
tant to note that the mother in our study followed a course
of prescribed antibiotics a few days before delivery, and the
perinatal administration of antibiotics, currently a frequent
practice in industrialized countries, likely altered the compo-
sition of the maternal microbiota (Spaetgens et al. 2002). In
particular, human GIT Biﬁdobacterium species are known to
be highly sensitive to antibiotic treatment (Gewolb et al.
1999; Delgado et al. 2005), which might account for their
absence in our study at 1 month after delivery.
Although our sequencing depth was not high and we did
not repeat samplings for given time points, it is unlikely that
undersampling could explain the large shifts in relative taxa
abundances and the observed changes in dominant taxa
between samples. Moreover, the general features of the pat-
ternofchangesincommunitycomplexityinthemother–infant
pair concur with those reported in previous analyses based on
16S rDNA or on culture-dependent techniques, with a limited
numberoftaxain the1-month-oldinfant,a largeincrease dur-
ingtheﬁrstyearoflife(StarkandLee1982;Mackieetal.1999;
Favieret al. 2002; Fanaro et al. 2003; Hopkins et al. 2005; Park
et al. 2005; Penders et al. 2006; Palmer et al. 2007), and a
stable number of taxa in the mother across the same time
period (Zoetendal et al. 1998; Ley, Turnbaugh, et al. 2006).
Eventhoughmotherandinfantincurredsimilargenus-level
compositional shifts between 1 and 11 months (ﬁg. 1C),
microdiversity analyses revealed that the populations of Biﬁ-
dobacterium that had been acquired by each individual by 11
months belonged to different species and that the Bacter-
oides populations of maternal origin present in the 1-
month-old infant had been replaced at this point by a novel
one. These results indicate that genera that are shared by
motherandinfantmayhaveundergonespecies-levelturnover
or represent independent acquisitions from external sources,
which might include food, other individuals, or other compo-
nentsoftheenvironmentratherthanverticalinheritance.Two
recent analyses compared the overall composition of the GIT
microbiota between mothers and infants or adult daughters
with varying conclusions regarding the potential role of ver-
tical transmission (Palmer et al. 2007; Turnbaugh et al.
2009). However, these analyses did not report whether the
most prevalent genera in their mother–child samples were
represented by identical species.
At an even ﬁner diversity scale, our analyses provide the
ﬁrst insights into the population biology of GIT bacteria. In
the case of Bacteroides, identities between 16S and fosmid
sequences recovered from mother and 1-month infant sam-
plespresentedclearevidenceforanearlytransmissionofthe
maternal strain. In addition to the recognition of identical
FIG.3 . —Genealogy of Bacteroides haplotypes. (A) Haplotypes
forming clade II in ﬁgure 2B, including haplotypes isolated from the
mother at 1 month after delivery (M-1m; dark blue circles) as well as
new haplotypes not present in the M-1m sample but detected in the
infant at 1 month (I-1m; red) or the mother at 11 months after delivery
(M-11m; light blue). (B) Haplotypes forming clade III in ﬁgure 2B,
following the same color scheme described above. Haplotypes are
numbered with the preﬁx ‘‘h.’’ Area of circles denotes haplotype
frequency in the M-1m, M-11m, and I-1m samples combined; the
smallest circles represent singletons and the large central circles the
likely ancestors from which other haplotypes derive. Unmodiﬁed lines
connecting haplotypes indicate single mutational steps, and tick marks
on the lines indicate additional steps. Note that most derived haplotypes
differ from the ancestor by a single mutational step.
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the most abundant haplotypes in the maternal and the I-
1msamplesconﬁrmedthelikelihoodofatransmissionevent
(table 2), and further analysis of the frequency distribution
of different 16S haplotypes across these samples provided
additional information regarding the process by which Bac-
teroideswastransmittedamonghosts.Thefactthatthetwo
most abundant maternal haplotypes, but only one of the
low-frequency haplotypes, were identiﬁed in the infant sug-
gests that colonization involved a small maternal inoculum,
one in which most low-frequency alleles were not repre-
sented. Despite this likely bottleneck, the fact that I-1m con-
tained seven new haplotypes, each derived from those
inherited from the mother by a single nucleotide change
(ﬁg.3),suggeststhatcolonizationoftheinfantgutbyasmall
inoculum was followed by the quick appearance of novel
genetic variants. This process is expected when a population
expands rapidly after a brief bottleneck (Maruyama and
Fuerst 1984), as would probably occur after the maternal
Bacteroides strain entered the GIT of the young infant. Al-
ternatively, the seven singletons found uniquely in I-1m
might have been present in the mother at very low frequen-
cies and be strongly selected for after transmission to the
infant. Although this scenario is possible, it does not seem
likely, as it would imply that the seven singletons were able
to outcompete most of the haplotypes detected in both ma-
ternal samples, which would presumably also have been
transmitted in the maternal inoculum, and without substan-
tially altering the frequencies of the two major haplotypes.
Similarly, it does not seem parsimonious that seven haplo-
types,eachdifferingfromthe mostabundant maternalhap-
lotype by a single nucleotide, would have been acquired
from the environment through an independent inoculation.
In a growing population, new mutants accumulate and
produce an excess of low-frequency haplotypes relative to
the theoretical expectation for a population that has
achieved a steady state; based on an observed level of gene
diversity, it is possible to compute the total number of hap-
lotypes and the number of singletons expected in a theoret-
ical equilibrium population (Ewens 1972; Nei and Li 1976;
Maruyama and Fuerst 1984). Such calculations conﬁrmed
that the Bacteroides population in the 1-month-old infant
contained excesses of singletons and of total haplotypes
(table 2), as is characteristic of a population expanding after
a bottleneck, and supporting the hypothesis of colonization
by a small inoculum followed by in situ diversiﬁcation by mu-
tationinarapidlygrowingpopulation.Infact,low-frequency
haplotypes were also present in excess in each of the Biﬁdo-
bacterium and Bacteroides populations analyzed from every
sample (table 2). It is not surprising to detect indications of
rapid growth in the populations that were novel at 11
months(i.e.,Biﬁdobacterium in the mother, and bothBiﬁdo-
bacterium and the new Bacteroides strain in the infant) be-
cause these could have been recently founded. The lack of
equilibrium in genetic diversity is more difﬁcult to interpret
for the older maternal Bacteroides population that was al-
ready present at the 1-month sampling, especially given
the likely alterations in population dynamics caused by the
administration of antibiotics before delivery. However, other
16S analyses of adult GITsamples have also detected the ex-
istence of very shallow fans of diversity for different genera
(Eckburg et al. 2005; Ley, Peterson, and Gordon 2006), sug-
gesting that bacterial populations in the gut may commonly
exist far from genetic equilibrium and may be due to fre-
quent oscillations in population size or to selection for rare
variants. Experimental inoculation and subsequent monitor-
ing of strains in model animals should enable a better under-
standing of bacterial population dynamics in the GIT.
In regard to coding capabilities, characterization of the
COG functional classes present in the infant GIT at 1 and
11monthsafterbirthidentiﬁednobroaddifferencesbetween
these two stages or between the infant and the mother (D
rank analysis; P . 0.05) in the face of remarkable change
in phylogenetic composition (ﬁg. 1A and C). Analysis of
COG functional classes can distinguish bacterial communities
inhabitingdifferent environments (Tringe et al. 2005; Dinsdale
et al. 2008). This suggests that, in spite of dietary and other
differences, the infant and adult GIToffer largely similar envi-
ronmentsfor theirbacterial inhabitants. Inboth, genes related
to carbohydrate and amino acid transport and metabolism
were the most abundant, whereas those involved in lipid
transport and metabolism were rare, in accordance with pre-
vious metagenomic analyses of the human gut microbiota
(Gill et al. 2006; Kurokawa et al. 2007; Turnbaugh et al.
2009). Carbohydrates and peptides, rather than fats, are
therefore likely to represent the main sources of nutrients
for GIT bacteria in the exclusively breast-fed 1-month-old in-
fant as well as in the 11-month-old infant and the adult.
Furthermore, analyses targeted to functional groupings
most likely to sense dietary differences between the two
infant stages and the mother also failed to detect signiﬁ-
cant variation among samples. We hypothesized that 1)
COGs encoding proteins able to transport or metabolize
the different oligosaccharides that are abundant in human
milk (group I) could be most frequent in the exclusively
breast-feedingstage(I-1m)thanintheadultandatthepar-
tially weaned stage when solid foods have already been
introduced to the infant diet (I-11m), whereas 2) COGs en-
coding proteins specialized for the transport and metabo-
lism of plant carbohydrates (group II) could be most
frequent in the adult and partially weaned stages. How-
ever, the proportions of sequences belonging to these
two COG groups were not different between the different
samples by D rank analysis, and the number of group I
COGsrepresentedwasactuallyhigherinthematernalthan
in the infant samples. Previous analyses also indicated that
similar families of glycosyl hydrolases were present in the
infant and adult gut microbiota, including enzymes that
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2007). This suggests that the global makeup of the un-
weaned infant microbiota is not particularly adapted to
a breast milk diet but rather that this bacterial community
exploits the oligosaccharides of breast milk with a reper-
toire of enzymes similar to that present in the older infant
and the mother.
Itisnecessarytonotethatalthoughpairwisecomparisons
of the abundance of different functions and functional
groupings between samples did not identify signiﬁcant dif-
ferences, a PCA of overall COG category proﬁles suggested
that relative similarity was greatest for the two maternal mi-
crobiota samples and the infant sample taken at 11 months
to the exclusion of I-1m (ﬁg. 1B). This result reﬂects the fact
that one of the COG categories (W—Extracellular Struc-
tures) is uniquely represented in the 1-month infant sample.
However, the few W COG category sequences recovered
from I-1m are orthologs of E. coli secreted adhesins often
associated with intestinal and nonintestinal infections
(Restieri et al. 2007), and their presence is not likely to
represent a functional adaptation speciﬁc to the gut envi-
ronment of the 1-month-old infant.
In conclusion, our analyses present a dynamic GIT micro-
biota, capable of accommodating a signiﬁcant turnover of
taxa at different phylogenetic levels while maintaining a re-
markable constancy in total functional capabilities. Further-
more, this study has generated the ﬁrst insight into the
bacterial population-level processes that shape the coevolu-
tion between the GIT microbiota and the human host. How-
ever, 16S rRNA analyses have repeatedly shown that there is
a large degree of interindividual variability among infants in
the development of the microbiota (Favier et al. 2002;
Adlerberth et al. 2006; Penders et al. 2006; Palmer et al.
2007), and, therefore, numerous studies of this sort will be
required to evaluate the generality of the trends detected
here; large-scale studies of microbiota development in co-
horts of infants are now enabled by the increasing facility
of high-throughput sequencing. If typical, the dynamic pat-
terns detected in this study would have signiﬁcant evolution-
ary and medical implications. On one hand, our analyses
suggest a lack of long-term maintenance of maternal phylo-
types in the infant, although it is very difﬁcult to rule out
a low-level presence of a strain in a given environment,
and furtherin-depthsequencing inothermother–infantpairs
will be necessary to address this issue. If conﬁrmed, the phy-
lotype turnover suggested here would limit a tight coadap-
tation between speciﬁc strains and host genotypes and the
adaptive diversiﬁcation of bacterial lineages within host fam-
ilylines(Ley, Peterson, and Gordon2006);rather, anintermit-
tent pattern of interactions between different bacterial
strainsandhostgenotypes wouldlikelyresultinadiffusepro-
cess of coevolution with little local adaptation and moderate
functionaldifferentiationamongstrains(FutuymaandSlatkin
1983; Thompson 1994). On the other hand, the observed
turnovers of genera, species, and strains offer heartening
news for medical approaches aimed at modulating the com-
position of the gut microbiota because they suggest that the
phylogenetic composition of thiscommunity ismalleableand
should be responsive to probiotic intervention. Finally, the
observation that similar functional repertoires can be at-
tained in the GIT microbiota in the face of substantial differ-
ences in phylogenetic composition supports the notion that
diseased states of this community may be best identiﬁed by
atypical distributions of functional gene categories, as
recently shown for obesity (Turnbaugh et al. 2009).
Supplementary Material
Supplementary tables S1–S2 and ﬁgure S1 are available at
Genome Biology and Evolution online (http://www.gbe
.oxfordjournals.org/).
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